The developmental requirements of ovarian follicles are dependent on the maturation stage of the follicle; in particular, elegant studies with genetic models have indicated that FSH is required for antral, but not preantral, follicle growth and maturation. To elucidate further the role of FSH and other regulatory molecules in preantral follicle development, in vitro culture systems are needed. We employed a biomaterials-based approach to follicle culture, in which follicles were encapsulated within matrices that were tailored to the specific developmental needs of the follicle. This three-dimensional system was used to examine the impact of increasing doses of FSH on follicle development for two-layered secondary (100-130 m; two layers of granulosa cells surrounding the oocyte) and multilayered secondary (150-180 m, several layers of granulosa cells surrounding the oocyte) follicles isolated from mice. Two-layered secondary follicles were FSH responsive when cultured in alginate-collagen I matrices, exhibiting FSH dose-dependent increases in follicle growth, lactate production, and steroid secretion. Multilayered secondary follicles were FSH dependent, with follicle survival, growth, steroid secretion, metabolism, and oocyte maturation all regulated by FSH. However, doses greater than 25 mIU/ml of FSH negatively impacted multilayered secondary follicle development (reduced follicle survival). The present results indicate that the hormonal and environmental needs of the follicular complex change during the maturation process. The culture system can be adapted to each stage of development, which will be especially critical for translation to human follicles that have a longer developmental period.
INTRODUCTION
Ovarian follicle maturation is a complex developmental process involving the interaction of local regulatory factors and endocrine signals. Follicle-stimulating hormone plays a critical role in this process, regulating estradiol secretion [1] , development of antral follicles [2] [3] [4] , and selection of the dominant follicle [5] . Additionally, FSH is widely em- ployed in assisted reproduction technologies to recruit supernumerary follicles for oocyte collection and for in vitro maturation of immature oocytes [6] . In vivo treatment of mice with FSH resulted in retraction of transzonal projections and improved oocyte meiotic competence [7] ; however, altered hormone levels impacted gamete quality [8] . Many fundamental questions remain regarding the role of FSH in follicle and oocyte development, including the precise role of FSH in early follicle development and the mechanism of action at successive stages of development. Although follicles are able to progress to the preantral stage in the absence of FSH␤ [2] or the FSH receptor [4] , FSH levels are elevated during the first 10 days of life in female mice [9] , which corresponds to a period of rapid follicle growth and development.
In vitro systems have been developed to better understand the complex mechanisms that regulate follicle maturation. These systems have been developed for a variety of species, including bovine [10] , rat [11] , and nonhuman primates [12] , with the majority of these efforts centered on the development of systems for mouse follicle culture. Follicle-stimulating hormone is a central component in such systems, but interpretations conflict regarding the appropriate dosage and timing of FSH presentation. It is difficult to compare these different culture systems directly because of differences in isolation and culture conditions. However, the dependence of follicle development on FSH may depend on the stage of the follicle in the culture system. Although most studies have been restricted to examining a particular stage and have not compared different stages, FSH appears to be critical for continued development of late preantral follicles [13] or early antral follicles [14] . The exact role of FSH in earlier follicle development is less clear: Two-layered secondary follicles (two layers of granulosa cells surrounding the oocyte) isolated from immature mice did not respond to FSH alone, whereas two-layered secondary follicles isolated from adult mice grew larger in response to FSH [15, 16] . Additional studies demonstrated that 8-bromo-cAMP or forskolin, but not FSH, could stimulate two-layered secondary follicles isolated from immature mice to grow in serum-free culture [17] . However, in serum-supplemented cultures of two-layered secondary follicles isolated from immature mice, FSH was critical for follicle survival, growth, and antrum formation [18] . In addition to the possible effect of FSH on different stages of follicles, the dose of FSH may impact follicle maturation. For example, in early studies of in vitro-cultured, two-layered secondary follicles, a dose of 100 mIU/ml of FSH was used to promote follicle survival and oocyte maturation [18] , but a dose of 10 mIU/ml of FSH was later reported to be the minimal dose required for oocytes in these cultured follicles to obtain meiotic competence [13] . In a study of multilayered secondary follicles (follicles with several layers of granulosa cells surrounding the oocyte), a dose of 100 mIU/ml of FSH produced the maximum rate of growth, but estradiol secretion was significantly higher with increased doses of FSH [19] .
One potential limitation of these systems is the disruption of follicle architecture that can occur when follicles are cultured on a two-dimensional substrate [20] . The change in follicle morphology may alter the paracrine signaling that is critical to follicle maturation, because the altered cell-cell orientation could result in diffusion of paracrine signals away from the target cells. Additionally, in vivo, the inner layers of granulosa cells are not directly exposed to endocrine signals because of the exclusion of the vascular system by the basal lamina [21] , whereas in the disrupted architecture of two-dimensional systems, few granulosa cell layers are between the oocyte and the media. As an alternative, we have developed a novel, three-dimensional culture system in which individual, immature mouse granulosa-oocyte complexes [22] or intact follicles are encapsulated within alginate beads for culture. In this system, the alginate matrix provides a mechanical support for the follicle as it increases in size, allowing examination of the role of various factors in follicle maturation while maintaining an in vivo-like morphology. Additionally, encapsulating the follicle within a three-dimensional matrix allows for studies of how interactions of the outer layers of somatic cells and insoluble factors, such as the extracellular matrix, direct follicle maturation.
We hypothesized that the level of FSH in a culture system must be coordinated with the developmental stage of the follicle for appropriate granulosa cell proliferation and differentiation and for production of healthy oocytes. In this study, we undertook a systematic study of FSH in our alginate-based hydrogel culture system. Alginate, a linear polysaccharide derived from algae and composed of repeating units of ␤-D-mannuronic acid and ␣-L-guluronic acid [23] , gels by ionic cross-linking of the guluronic residues [24] . This mild gelation process maintains cell viability [25] . Additionally, granulosa cells do not interact with alginate [26] , allowing intact follicles to be retrieved from the matrix for in vitro maturation of the oocyte. Two-layered as well as multilayered secondary follicles were cultured in alginate-based matrices with increasing doses of recombinant human FSH to determine the effect of FSH dose on follicle survival, growth, metabolism, steroid production, and oocyte development.
MATERIALS AND METHODS

Animals and Materials
The C57BL/6 female mice and CBA male mice were purchased (Harlan, Indianapolis, IN) and maintained as a breeder colony at Northwestern University (Evanston, IL). Animals were housed in a temperature-and light-controlled environment on a 12L:12D photoperiod and were provided with food and water ad libitum. Chow provided was Harlan Teklad Global irradiated 2919, which does not contain soybean or alfalfa meal and, therefore, contains minimal phytoestrogens. Animals were treated in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the established Institutional Animal Care and Use committee protocol at Northwestern University.
Unless otherwise noted, all chemicals were purchased from SigmaAldrich (St. Louis, MO), and media formulations were purchased from Invitrogen (Carlsbad, CA). Sodium alginate (55-65% guluronic acid) was provided by FMC BioPolymers (Philadelphia, PA).
Follicle Isolation, Encapsulation, and Culture Two-layered secondary follicles (100-130 m; oocyte, 53-63 m) and multilayered secondary follicles (150-180 m; oocyte, 61-74 m) were mechanically isolated using insulin-gauge needles in L-15 media from Day-12 and Day-16 C57BL/6 ϫ CBA F 1 mice, respectively. Two-layered secondary follicles are type 4 or 5a, and multilayered secondary follicles are type 5b, according to the classification of Pedersen and Peters [27] . Efforts were made to maintain the follicles at 37ЊC and pH 7 throughout the isolation and encapsulation. Two-layered secondary follicles were encapsulated into sterile alginate-collagen I matrices composed of 1.5% (w/ v) alginate and 0.2 mg/ml of collagen I (BD Biosciences, Bedford, MA), and multilayered secondary follicles were encapsulated into sterile alginate matrices composed of 1.5% (w/v) alginate. These matrix formulations promoted the maximum follicle growth (unpublished observations). Droplets of alginate or alginate-collagen I solution (ϳ2-3 l) were suspended on a polypropylene mesh (0.1-mm opening; McMaster-Carr, Atlanta, GA). A single follicle was pipetted into each droplet in a minimal amount of media. After all droplets had been filled, the mesh was immersed in sterile, 50 mM CaCl 2 for 2 min to cross-link the alginate and then rinsed in L-15 media. Beads were plated (one follicle/well) in 96-well plates in 100 l of culture media composed of ␣-minimum essential medium (MEM), 3 mg/ml of BSA, 5 g/ml of insulin, 5 g/ml of transferrin, and 5 ng/ml of selenium [22] Progesterone, Estradiol, and L-Lactate Measurements 17␤-Estradiol and progesterone levels were determined by immunoassay (Assay Designs, Ann Arbor, MI). Data generated by ELISA were fit using a four-point logistic equation. Intra-and interassay coefficients of variation were determined to be 3.1% and 8.2%, respectively, for 17␤-estradiol and 4.4% and 9.1%, respectively, for progesterone. The sensitivity limit for 17␤-estradiol was 30 pg/ml, and the sensitivity limit for progesterone was 62.5 pg/ml. Collected media also were analyzed on a YSI 2700 Select Biochemistry Analyzer (YSI Incorporated, Yellow Springs, OH) for L-lactate and glucose levels.
Oocyte Maturation
At the conclusion of the culture, follicles were removed from the alginate beads by degrading the gel with 10 U/ml of alginate lyase for 30 min at 37ЊC with 5% CO 2 . Released follicles were then transferred to maturation media composed of ␣-MEM, 1.5 IU/ml of hCG, and 5 ng/ml of epidermal growth factor [28] . After an incubation of 14-16 h at 37ЊC with 5% CO 2 , oocytes were classified morphologically based on the presence or absence of a germinal vesicle and polar body. Oocytes were classified as degenerated if the cytoplasm was fragmented or shrunken from the zona pellucida. Oocytes were then fixed and processed for immunofluorescence as described previously [8] . Oocytes were stained with a 1: 400 dilution of monoclonal anti-␣-tubulin (Sigma), detected with a 1:500 dilution of AlexaFluor 488 Goat Anti-Mouse (Molecular Probes, Eugene, OR), and mounted in VectaShield with 4Ј,6Ј-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA) to examine the meiotic spindles. For control in vitro-maturation oocytes for two-layered secondary follicle cultures, Day-18 mice were primed with 5 IU of eCG, and then denuded oocytes were collected from large follicles on Day 20. For control in vitromaturation oocytes for multilayered secondary follicle cultures, Day-22 mice were primed with 5 IU of eCG, and then cumulus-oocyte complexes were collected on Day 24. Control in vivo-matured oocytes for multilayered secondary follicle cultures were obtained from ovulated cumulusoocyte complexes from Day-24 mice primed with 5 IU of eCG for 48 h and 5 IU of hCG for 14 h before collection. 
Histology
Follicles cultured in alginate beads were fixed with 4% paraformaldehyde for 1 h at the completion of the culture period, dehydrated through an ethanol series, and then embedded in LR White (Electron Microscopy Sciences, Hatfield, PA). The embedded beads were then sectioned (thickness, 1 m; Cell Imaging Facility, Northwestern University, Chicago, IL) and stained with hematoxylin for 5 min to examine granulosa cell morphology.
[ 3 H]Thymidine Incorporation
Follicles were cultured as described above for the first 2 days of culture. Media were then exchanged and replaced by media supplemented with 0.2 Ci [methyl-3 H]thymidine per follicle (Amersham Biosciences, Piscataway, NJ). After 24 h, five beads were collected for each replicate, washed twice with 1ϫ PBS, and then dissolved in 10 mM EDTA. Next, [ 3 H]thymidine incorporation was assayed as described previously [29, 30] . Nonspecific incorporation was determined using empty alginate gels.
Statistical Analysis
For two-layered secondary follicle cultures, two or three independent cultures of 30-50 follicles each were performed for each FSH dose. For multilayered secondary follicles, two to four independent cultures of 10-30 follicles each were performed for each FSH dose. Follicle size, steroid, and lactate data were analyzed using a two-way ANOVA with repeated measures or a one-way ANOVA followed by the Tukey honestly significant difference test for isolated time points with a Bonferroni correction for multiple comparisons. Categorical data were analyzed by chi-square analysis. A P value of less than 0.05 was considered to be statistically significant. All statistical calculations were done with the JMP 4.0.4 software package (SAS Institute, Cary, NC).
RESULTS
FSH Regulation of Two-Layered Secondary Follicles
Two-layered secondary follicles (type 4 or 5a, 100-130 m) were cultured in alginate-collagen I gels with 0, 5, 10, or 25 mIU/ml of recombinant human FSH for 8 days. Alginate-collagen I matrices promoted growth of two-layered secondary follicles in the absence of FSH. Survival of twolayered secondary follicles was not significantly affected by FSH dose, but two-layered secondary follicles grew significantly larger with FSH treatment (Table 1) . Follicles were designated as dead if the oocyte was no longer contained within the granulosa cells or if the granulosa cells had become dark and fragmented. The effect of FSH on two-layered secondary follicle growth was apparent by the second day of culture, with follicles cultured in 10 and 25 mIU/ml of FSH being significantly larger than those cultured in 0 or 5 mIU/ml of FSH (Fig. 1A) . Increased dosages of FSH also resulted in a significant increase in the accumulation of lactate in the media at the end of culture (Fig. 1B) . Lactate production did not correspond linearly with follicle size, indicating that granulosa cells of two-layered secondary follicles cultured with higher doses of FSH had an increased metabolism.
Progesterone and estradiol were not detected at any time for two-layered secondary follicles cultured without FSH. Progesterone levels increased significantly between Day 2 and Day 8 of the culture for follicles cultured with 10 or 25 mIU/ml of FSH, but no significant difference was found
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FIG. 2. Two-layered secondary follicle steroid secretion in alginate-collagen I gels. A) Two-layered secondary follicles cultured with 10 or 25 mIU/ml of FSH secreted significantly more progesterone at the end of culture compared to Day 2 (P Ͻ 0.05); progesterone levels were not significantly different in response to increased doses of FSH. B) Two-layered secondary follicles cultured with 5, 10, or 25 mIU/ml of FSH secreted significantly more 17␤-estradiol at the end of culture compared to Day 2 (P Ͻ 0.05). Increased levels of FSH also resulted in a significant increase in 17␤-estradiol at the end of the culture. Data are presented as the average Ϯ SEM (n ϭ 3). Points without common superscripts differ significantly between treatments for isolated time points (P Ͻ 0.05). Follicles cultured without FSH did not secrete detectable levels of 17␤-estradiol or progesterone.
FIG. 3.
Oocytes isolated from two-layered secondary follicles cultured in alginate-collagen I gels. A) Oocyte arrested in prophase I from twolayered secondary follicle cultured with 0 mIU/ml of FSH. B) Spindle from a metaphase I-arrested oocyte from two-layered secondary follicle cultured with 25 mIU/ml of FSH. Oocytes were stained with anti-␣-tubulin (green) and 4Ј,6Ј-diamidino-2-phenylindole (blue). Bar ϭ 10 m. between FSH doses at the individual time points (Fig. 2A) . Estradiol levels also were significantly higher at the end of the culture period, even though culture media were not supplemented with exogenous androgen. Additionally, culture with either 10 or 25 mIU/ml of FSH resulted in significantly higher estradiol levels on Day 8 of culture compared to those of culture with 5 mIU/ml of FSH (Fig. 2B) . The dose of FSH did not significantly affect the percentage of oocytes that were competent to resume meiosis at the conclusion of culture ( Table 2 ). The majority of the oocytes examined were arrested at prophase I, with an intact germinal vesicle (Fig. 3A) . Oocytes that had resumed meiosis were arrested in metaphase I (Fig. 3B) .
FSH Regulation of Multilayered Secondary Follicles
Multilayered secondary follicles (Type 5b, 150-180 m) were cultured in alginate hydrogels for 8 days with 0, 5, 10, 25, or 50 mIU/ml of FSH. Multilayered secondary follicle survival was significantly affected by FSH dose, with a maximum survival of 72.0% and 69.2% at 5 and 10 mIU/ ml of FSH, respectively ( Table 1) . Sections of follicles cultured with 0, 10, or 50 mIU/ml of FSH were examined to characterize better the health of the granulosa cells. Culture without FSH resulted in a large number of pyknotic nuclei throughout the follicle (Fig. 4A ). This morphology was not observed in sections of follicles cultured with 10 mIU/ml of FSH (Fig. 4B) . With the further increase in dose to 50 mIU/ml of FSH, a large number of pyknotic nuclei were again observed (Fig. 4C) . Unlike the follicles cultured without FSH, however, pyknotic cells from FSH-treated cultures were found primarily around the oocyte rather than the periphery of the follicle.
Multilayered secondary follicle growth was dependent on FSH dose ( Table 1) . The difference in follicle size was first detected on Day 2 of the culture, with follicles cultured using 25 and 50 mIU/ml of FSH being significantly larger than those cultured without FSH (Fig. 5A) . At the completion of the culture period, follicle size showed a dose-dependent response. In addition, multilayered secondary follicles had an increased production of lactate with increased doses of FSH (Fig. 5B) . A corresponding decrease in glucose was observed in the conditioned media (data not shown). Somatic cell proliferation also was assessed using a [ 3 H]thymidine incorporation assay for culture with 0, 10, and 50 mIU/ml of FSH. For the culture period from Day 2 to Day 3, follicles in all media conditions incorporated [ 3 H]thymidine, indicating that DNA replication and, therefore, cellular proliferation had occurred. Follicles cultured with 50 mIU/ml of FSH incorporated significantly more [ 3 H]thymidine compared to follicles cultured without FSH (Fig. 5C ), which was in agreement with the observed increase in follicle size on Day 2 for follicles treated with 50 mIU/ml of FSH (Fig. 5A ).
Progesterone and estradiol secretion by multilayered secondary follicles was regulated by FSH in a dose-dependent manner. Progesterone was not detected from follicles cultured without FSH (data not shown) but was significantly increased on Day 6 from cultures with 50 mIU/ml of FSH relative to cultures with 5 or 10 mIU/ml of FSH (Fig. 6A) . However, this difference was no longer significant on Day 8 of culture. Estradiol levels also were dependent on FSH dose, with levels being significantly higher at the conclusion of the culture for all FSH doses but not for follicles cultured without FSH. Follicle-stimulating hormone induced a dose-dependent increase in estradiol secretion for multilayered secondary follicles cultured with 5, 10, and 25 mIU/ml of FSH (Fig. 6B) . Further increases in the FSH dose to 50 mIU/ml resulted in a small, nonsignificant decrease in estradiol compared to that with 25 mIU/ml.
Oocyte meiotic competence was affected by FSH dose as well, with 84.6% of oocytes from cultures without FSH appearing to be degenerated, which was significantly higher than any FSH-treated culture (Table 2 ). Follicles cultured with 5 mIU/ml of FSH had the highest rate of progression to metaphase II, as evidenced by a polar body (Table 2) . Oocytes cultured with 50 mIU/ml of FSH were the largest in size, however, and were not significantly different than in vitro-and in vivo-matured controls (P Ͼ 0.05) (Fig. 7A) . Oocyte metaphase II spindles were a characteristic barrel shape, with chromatin aligned at the spindle equator (Fig.   7, B and C) . No significant difference was found in the percentage of aligned spindles among the FSH treatments (data not shown).
DISCUSSION
We examined the stage-dependent regulation of follicle development by FSH and the impact of FSH dose on follicle and oocyte maturation using a three-dimensional culture system for murine ovarian follicles. The alginate culture system maintains an in vivo-like morphology, with a centrally located oocyte and surrounding layers of granulosa and theca cells, and it supports cell-cell connections [22] , which may provide a more physiological environment than two-dimensional culture systems. Small molecules with molecular weights of less than 20 kDa diffuse through alginate gels with the same diffusivity as in water [31] , whereas larger molecules diffuse through the pores, which have diameters ranging from 5 to 200 nm, in a molecular weight-dependent manner [24] . The high porosity of the alginate gels allowed FSH in the culture media to diffuse into the matrix within 15 min and to reach a steady level within 4 h (data not shown). The alginate matrix helps to maintain paracrine signaling and can be modified to mimic the ovarian stroma [26] ; therefore, incorporating endocrine signals, such as FSH, will further mimic the ovarian environment.
Two-layered as well as multilayered secondary follicles were encapsulated in alginate-based hydrogels and cultured in media supplemented with various doses of FSH for 8 days. The effects of FSH on follicle survival, growth, steroid production, and oocyte meiotic competence were examined. In this system, two-layered secondary follicles were FSH responsive, with increased follicle growth and steroid secretion; however, FSH did not affect survival and oocyte development. In contrast, multilayered secondary follicles were FSH dependent, with increased survival, follicle growth, steroid secretion, and improved oocyte development. However, these results were not strictly dose dependent, indicating a critical balance of FSH to ensure appropriate follicle development.
FSH in Two-Layered Secondary Follicle Development
Studies regarding the role of FSH in early follicle development, both in vivo and in vitro, have been inconclusive. The earliest stages of follicle development appear to be independent of FSH regulation, because ovaries from mice with null mutations for either FSH␤ [2] or FSH receptor [4] contained follicles that progressed beyond the primordial stage but were blocked before antrum formation. However, full-length transcripts for FSH receptor were seen as early as Day 5 in immature mice [32] , and high circulating levels of FSH have been measured in juvenile mice [9] . A study of intact newborn mouse ovaries cultured with and without FSH indicated that primary and two-layered secondary follicles had increased granulosa cell proliferation and follicle development with FSH [33] .
In the three-dimensional system, two-layered secondary follicles cultured in alginate-collagen I gels were FSH responsive, with increased follicle growth and lactate production ( Fig. 1) and increased estradiol secretion relative to follicles cultured without FSH (Fig. 2 ). An increase in lactate production has been shown previously to coincide with rapid growth and the onset of estradiol secretion in cultured, intact follicles [34] , indicating that the two-layered secondary follicles cultured in alginate-collagen I gels dif-FIG. 5. Multilayered secondary follicle growth and metabolism in alginate gels. A) Multilayered secondary follicles cultured with increased levels of FSH grew significantly larger. Data represented as average Ϯ SEM, the number examined for each condition is given in Table 1 . B) The increase in FSH dosage resulted in a significant increase in lactate accumulation on day 8 of culture. Data are presented as the average Ϯ SEM (n ϭ 3). C) Multilayered secondary follicles cultured with 50 mIU/ml of FSH incorporated more [ 3 H]thymidine from the second to third day of culture. Data are presented as the average Ϯ SEM (n ϭ 5). Points or bars without common superscripts differ significantly between treatments for isolated time points (P Ͻ 0.05).
FIG. 6. Multilayered secondary follicle steroid secretion in alginate gels
A) Progesterone was increased significantly at the highest dose of FSH examined. Follicles cultured without FSH did not secrete detectable levels of progesterone. B) 17␤-Estradiol increased significantly with time for multilayered secondary follicles cultured with FSH supplemented media. Increased levels of FSH also resulted in significant differences in 17␤-estradiol levels. Data are presented as the average Ϯ SEM (n ϭ 3). Points without common superscripts differ significantly between treatments for isolated time points (P Ͻ 0.05).
ferentiated in response to the increased doses of FSH. This result was in contrast to those of previous studies involving two-layered secondary follicles isolated from immature mice and cultured in serum-free conditions, which did not respond to FSH without additional supplementation with activin [15] or treatment with diethylstilbestrol [35] . Follicle-stimulating hormone has been shown to promote growth and differentiation in serum-supplemented culture of two-layered secondary follicles on two-dimensional substrates in a manner similar to the results of the present serum-free studies in alginate-collagen I gels (Figs. 1 and  2 ). Without FSH, estradiol and progesterone were not detected [36] , and little granulosa cell proliferation occurred [18] . However, FSH was not necessary for survival of twolayered secondary follicles in the alginate-collagen I matrices (Table 1) , and limited growth occurred without FSH (Fig. 1) , indicating that this stage of follicle was not FSH dependent in this system. In contrast, follicles of the same size class cultured on two-dimensional substrates with serum required FSH for survival and development [18] . Thus, the three-dimensional alginate culture system provided a more in vivo-like dynamic for follicle progression.
The oocytes from two-layered secondary follicles in the alginate cultures were immature in comparison to agematched, in vitro-matured controls ( Table 2 ). The apparent FIG. 7 . In vitro-matured oocytes isolated from multilayered secondary follicles cultured in alginate gels. A) Oocytes from follicles cultured in 50 mIU/ ml of FSH were not significantly different in size compared to in vitro or in vivo controls. Data represented as average Ϯ SEM, the number examined for each condition is given in Table 2 . Points without common superscripts differ significantly between treatments (P Ͻ 0.05). B and C) Representative metaphase II spindles from follicles cultured with 5 mIU/ml of FSH (B) or 50 mIU/ml of FSH (C). Oocytes were stained with anti-␣-tubulin (green) and 4Ј,6Ј-diamidino-2-phenylindole (blue). Bar ϭ 5 m.
slower development of the oocytes cultured in vitro has been reported previously for two-dimensional culture systems [37] . Because FSH is not a constant presence in the ovary [38] , an intermittent-dosing schedule may be more physiological and improve oocyte development. Indeed, for culture of immature granulosa-oocyte complexes, constant exposure to FSH may contribute to reduced oocyte quality [39] . However, the lower rate of meiotic competence for oocytes from two-layered secondary follicle cultures relative to that of in vitro controls also may have been a result of different classes of follicles being compared. For example, oocytes used for the in vitro controls were isolated from eCG-primed ovaries, which include follicles of larger size than cultured two-layered secondary follicles. Immunostaining for tubulin and chromatin of oocytes from twolayered secondary follicles cultured in alginate-collagen I gels without FSH indicated that most of the oocytes were in the early stages of meiosis (Fig. 3) , with some oocytes arrested at metaphase I. Germinal vesicle-stage oocytes displayed an array of cytoplasmic microtubules and several tubulin foci, which are characteristic of oocytes isolated from multilayered preantral follicles [40] and consistent with the observed increase in follicle size (Fig. 1) .
FSH in Multilayered Secondary Follicle Development
Multilayered secondary follicles cultured in alginate matrices were FSH dependent, which is consistent with previous in vivo studies [2] . Follicle-stimulating hormone was determined to be a major survival factor for early antral rat follicles in vitro [41] . The multilayered secondary follicles cultured in the present study had improved survival at low, but not at the highest, doses of FSH (Table 1) . Examination of morphologically normal follicles indicated that granulosa cell viability was also regulated by FSH dose, with follicles cultured without FSH containing many pyknotic nuclei (Fig. 4A) , which is an early sign of atresia [42] . However, increased doses of FSH resulted in an eventual decline in multilayered secondary follicle survival, which was accompanied by the appearance of granulosa cells with pyknotic nuclei surrounding the oocyte (Table 1 and Fig. 4C ). The observed pyknotic nuclei may have indicated that the inner layers of granulosa cells were damaged by an accumulation of metabolic by-products, such as lactate, which accompanied the rapid proliferation and increase in cell number seen with 50 mIU/ml of FSH (Fig. 5, B and C) . Follicle metabolism for the multilayered secondary to preovulatory stages has been shown previously to occur primarily through the glycolytic pathway [43] . The increased levels of lactate were not solely accounted for by the increased follicle size with increased FSH doses in our system (data not shown) or in two-dimensional cultures [34] , indicating that FSH increased metabolic activity of the granulosa cells. Neither class of follicle regularly formed antra in the alginate culture system, which likely would improve nutrient and waste transport [44] ; however, the precise role of the antrum is unclear in both in vivo and in vitro follicle development. For instance, some mammalian species do not develop an antrum (e.g., tenrecs [45] ). Modifications to the soluble factors in the culture media or to the mechanical properties of the matrix may allow for the regulation of antrum formation, making the alginate culture system an ideal model to examine the role of antrum development in follicle and oocyte maturation.
Multilayered secondary follicle growth in the alginate matrix was a result of granulosa cell proliferation, the rate of which depended on the FSH dose (Fig. 5C ). Multilayered secondary follicles grew without FSH. Follicle growth slowed after Day 2, however, and follicles actually decreased slightly in size from Day 6 to Day 8 (Fig. 5A) . A similar trend was seen for early antral follicles cultured without FSH on a two-dimensional substrate [14, 19] . Follicles grew significantly larger with increased doses of FSH, indicating that the three-dimensional support of the alginate matrix did not restrict follicle growth. The increased rate of granulosa cell proliferation may have uncoupled granulosa cell-granulosa cell interactions or granulosa cell-oocyte communication, affecting follicle survival. Alternatively, the continual exposure to FSH may have led to FSH-receptor desensitization [46] , resulting in lowered follicle survival and flattened follicle growth curves, as observed for multilayered secondary follicles cultured with 5 or 25 mIU/ ml of FSH.
Granulosa cells from mature follicles secrete large amounts of steroids, particularly in response to gonadotropin signaling as the dominant follicle matures [47] . In the alginate culture system, granulosa cells secreted progesterone in response to increased FSH, but when cultured in the absence of FSH, progesterone was not detected (Fig. 6A) . A significant increase was found on Day 6 for cultures treated with 50 mIU/ml of FSH, indicating a possible premature luteinization of the granulosa cells. The production of estradiol by the cultured multilayered secondary follicles indicated a functioning theca layer, because the cultures were not supplemented with androgen. Additionally, FSH regulated estradiol secretion, as expected from the two celltwo gonadotropin model [48] and cultures of multilayered secondary follicles on two-dimensional substrates [19] . Unlike follicle growth and lactate production, this was not a strictly dose-dependent response, because the maximum amount of estradiol was achieved with 25 mIU/ml, not 50 mIU/ml, of FSH (Fig. 6B) . This result may correspond to follicle growth, because 25 mIU/ml of FSH did not significantly increase the follicle growth relative to that with 10 or 50 mIU/ml of FSH. Therefore, granulosa cells at this dose of FSH may be proliferating less, resulting in increased differentiation [49] .
Multilayered secondary follicles also produced oocytes that were competent to resume meiosis and progress to metaphase II, an important functional end point of the culture system. Oocytes from follicles cultured without FSH were not healthy, appearing dark and with a fragmented cytoplasm. The poor morphology of oocytes from cultures without FSH was not unexpected based on the reduced follicle survival (Table 1 ) and extensive granulosa cell apoptosis (Fig. 4A ) seen in these follicles in the present study as well as previous reports of poor oocyte quality from follicles cultured without FSH [36] . Culture with even the lowest dose of FSH significantly improved oocyte health compared to that with no FSH. In vivo treatment with FSH induced withdrawal of transzonal projections, which corresponded to changes in oocyte transcriptional activity and increased rates of oocyte meiotic competence [7] .
The improved morphology of granulosa cells that was observed with the addition of 10 mIU/ml of FSH (Fig. 4B ) also may have resulted in improved support of the oocyte, enhancing its development [50] . Follicle-stimulating hormone has been shown previously to increase expression of connexin 43, a gap junction protein, in cultured granulosa cells [51] . Connexin 43 was found between granulosa cells in increased amounts as the follicle matures and in decreased amounts in atretic follicles [52] . Oocytes from ovaries of mice deficient in connexin 43 were meiotically incompetent [53] , indicating that regulating communication between granulosa cells can impact oocyte quality. The doses of FSH examined in the present study were not found to impact the percentage of oocytes with aligned chromatin in meiotic spindles (data not shown). It recently was shown that increased dosages of FSH can negatively impact meiotic spindle formation [54] ; however, the dosages examined in the present study were similar to those that did not impact spindle formation.
Several studies have indicated that FSH regulates oocyte growth through the kit ligand (KL1 and KL2) system. In vitro cultures of granulosa-oocyte complexes treated with low doses of FSH had upregulated expression of KL2 and increased oocyte growth compared to cultures with high doses of FSH, which had an increased ratio of KL1 to KL2 and no oocyte growth [55] . The promotion of oocyte growth by low doses of FSH was inhibited by treatment either with a KL inhibitor or with exogenous KL1. Additionally, mice with a null mutation for growth differentiation factor-9 (Gdf9) had increased KL expression [56] and precocious oocyte growth, with oocytes that grew larger than those of heterozygous littermates [57] . Our results indicated that increased doses of FSH resulted in larger oocytes (Fig. 7) . It will be interesting to examine how FSH regulates KL and growth differentiation factor-9 in a threedimensional, intact-follicle, in vitro culture system.
The three-dimensional nature of this culture system allows for examination of many fundamental questions regarding follicle development. We have shown previously that the culture maintains cell-cell connections [22] . In the present study, we incorporated endocrine signals by supplementing the culture with varying doses of FSH, and we observed that two-layered secondary follicles were FSH responsive and that multilayered secondary follicles were FSH dependent, which is consistent with in vivo observations [58] . The culture system described is flexible; signals can be examined either in isolation or in combination. Follicles of different developmental stages were used, and our results indicate that the culture system will need to be adapted to the developmental needs of the follicle. Culture systems such as this three-dimensional one that can be tailored to the developmental stage of the follicle will be especially critical for translation to human follicles, which require several months to produce mature oocytes.
